The hemY gene of the Bacillus subtilis hemEHY operon is essential for protoheme IX biosynthesis. Two previously isolated hemY mutations were sequenced. Both mutations are deletions affecting the hemY reading frame, and they cause the accumulation of coproporphyrinogen IH or coproporphyrin III in the growth medium and the accumulation of trace amounts of other porphyrinogens or porphyrins intracellularly. HemY was found to be a 53-kDa peripheral membrane-bound protein. In agreement with recent findings by Dailey et al. (J. Biol. Chem. 269:813-815, 1994) B. subtilis HemY protein synthesized in Escherichia coli oxidized coproporphyrinogen m and protoporphyrinogen IX to coproporphyrin and protoporphyrin, respectively. The protein is not a general porphyrinogen oxidase since it did not oxidize uroporphyrinogen HI. The apparent specificity constant, kr.,/Km, for HemY was found to be about 12-fold higher with coproporphyrinogen III as a substrate compared with protoporphyrinogen IX as a substrate. The protoporphyrinogen IX oxidase activity is consistent with the function of HemY in a late step of protoheme IX biosynthesis, i.e., HemY catalyzes the penultimate step of the pathway. However, the efficient coproporphyrinogen m to coproporphyrin oxidase activity is unexplained in the current view of protoheme IX biosynthesis.
Tetrapyrroles, such as chlorophyll and protoheme IX, are synthesized from glutamate in plants and many bacteria (17) . The glutamate-to-protoheme IX biosynthetic pathway includes 10 steps (Fig. 1) . The conversion of the first closed-ring tetrapyrrole intermediate, uroporphyrinogen III, to protoheme IX is considered to occur in four steps in all organisms. The enzymes responsible for these steps are uroporphyrinogen III decarboxylase (EC 4.1.1.37; encoded by hemE), coproporphyrinogen III oxidase (EC 1.3.3.3; hemF, aerobic; hemN, anaerobic), protoporphyrinogen IX oxidase (EC 1.3.3.4; hemG), and ferrochelatase (EC 4.99.1.1; hemH) (Fig. 1) . The oxidative decarboxylation and the six-electron oxidation catalyzed by HemF or HemN and HemG, respectively, are reactions poorly understood at the molecular level.
We have cloned and sequenced eight genes directly involved in tetrapyrrole synthesis in the aerobic gram-positive bacterium Bacillus subtilis (13, 16, 30) . The hemAXCDBL operon at 2450 on the B. subtilis chromosomal map encodes the enzymes required for synthesis of uroporphyrinogen III from glutamyltRNA. The genes for uroporphyrinogen III decarboxylase (hemE) and ferrochelatase (hemH) are parts of the hemEHY operon at 940 on the chromosomal map (13, 14) . B. subtilis HemY mutants cannot grow without supplementation of hemin, which shows that the hemY gene is essential for protoheme IX synthesis. Furthermore, reduced sulfur in the medium is not required for growth of HemY mutants (13) , which strongly suggests that HemY is not involved in siroheme synthesis. These observations indicate that HemY functions in one or more steps between uroporphyrinogen III and protoporphyrin IX (Fig. 1) . We have previously proposed that the hemY gene product is coproporphyrinogen III oxidase or protoporphyrinogen IX oxidase or an enzyme with both these activities (13) . HemY shows no sequence similarity to the aerobic coproporphyrinogen III oxidases of Salmonella typhi-* Corresponding author. Phone: 46 46 104980. Fax: 46 46 157839. murium (45, 46) , Escherichia coli (43) , Saccharomyces cerevisiae (50), soybeans (23) , humans (24) , and mice (20) or to the anaerobic coproporphyrinogen III oxidases of S. typhimurium (47) , Rhodobacter sphaeroides (6), E. coli (31) , Pseudomonas aeruginosa (39) , and Rhizobium phaseoli (GenBank accession number L13618). Furthermore, there is no apparent sequence similarity between HemY and the tentative protoporphyrinogen IX oxidase of E. coli (9, 27, 38) (GenBank accession number D28567) and Bradyrhizobium japonicum (33, 34) . It should be noted that DNA sequence data and biochemical data (7, 19, 21, 32, 40) of protoporphyrinogen IX oxidases are in poor agreement.
Recently Dailey et al. (8) expressed the B. subtilis hemYgene in E. coli and showed the resulting gene product to be a soluble protein which can oxidize protoporphyrinogen IX (Km = 10.4 ,uM), mesoporphyrinogen IX (Km = 21.1 ,uM), and coproporphyrinogen III (Km not reported) to protoporphyrin, mesoporphyrin, and coproporphyrin, respectively. Those authors concluded that the B. subtilis hemY gene product is protoporphyrinogen IX oxidase. The gene encoding coproporphyrinogen III oxidase in B. subtilis would still not be identified. Berek et al. (2) analyzed 177 B. subtilis mutants defective in protoheme IX synthesis, i.e., mutants that require hemin for growth. The corresponding mutations all mapped to the now sequenced 94 or 2450 regions of the chromosome (1, 18, 25, 26) .
In this work we have sequenced the B. subtilis hemF180 and hemG321 mutations isolated by Berek et al. (2) Cloning and sequence analysis of the B. subtilis hemFl80 and hemG321 mutations. Plasmid pLUG3203 (Table 1) was used to clone both the B. subtilis hemF180 and the hemG321 mutation by the integration-excision method. The principle has been described before (30) . Lysozyme and EDTA were added to final concentrations of 0.25 mg/ml and 15 mM, respectively, and the suspension was incubated at 25°C for 30 min. The resulting spheroplasts were harvested by centrifugation at 7,000 x g for 15 min at 20°C and then suspended in 50 mM Tris-HCl (pH 7.4)-5 mM MgSO4 (1/50 of the culture volume). A few crystals of DNase were added before the spheroplast suspension was sonicated while chilled on ice, and the resulting lysate was centrifuged at 5,000 x g for 10 min at 4°C. The supernatant, regarded as the crude cell extract, was centrifuged at 200,000 X g for 1 h at 4°C. The resulting high-speed supernatant and pellet were regarded as the soluble and particulate cell fractions, respectively. The pellet was suspended in 50 mM TrisHCl (pH 7.4; 1/1,500 of the culture volume). All fractions were stored at -80°C. Fractions used for enzyme activity measurements were only freeze-thawed once, since about 50% of the porphyrinogen oxidase activity disappeared between a first and second freeze-thawing.
HemY antiserum. Antibodies were produced against a HemY-ZZ fusion protein expressed from plasmid pLUGT7-YZZ ( Table 1 ). The fusion protein consists, at the N-terminal part, of the first 220 amino acid residues of HemY and, at its C-terminal part, of two modified immunoglobulin G binding domains of Staphylococcus aureus protein A, designated ZZ. To construct pLUGT7-YZZ a 931-bp PvuII fragment of pLUGT7-Y, containing the T7 promoter of pBluescript and 659 bp of hemY, was ligated to plasmid pKP497 (Table 1) cleaved with HincII. A resulting plasmid, pLUGT7-YZZ, was chosen where the orientation of the PvuII fragment made it possible to express the fusion protein from the T7 promoter. The fusion protein was produced in E. coli BL21(DE3) by using the inducible T7 RNA polymerase system, and spheroplasts were prepared as described above. The fusion protein aggregated and was found as inclusion bodies in the particulate cell fraction. To solubilize the inclusion bodies, spheroplasts from a 1-liter culture were suspended in 1 ml of 50 mM Tris-HCl (pH 7.4)-2% sodium dodecyl sulfate (SDS) and incubated for 45 min at 370C. The mixture was centrifuged at 12,000 X g for 15 min, and the supernatant containing the solubilized fusion protein was diluted in TST buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.05% [vol/vol] Tween 20) in order to decrease the SDS concentration to less than 0.05%. After 1 h at room temperature, the dilution was applied to an immunoglobulin G-Sepharose 6 Fast Flow (Pharmacia) column (1 by 7 cm). The column was washed with 30 bed volumes of TST and 30 volumes of 10 mM ammonium acetate (pH 4.6) before the bound protein was eluted by 0.2 M acetic acid, adjusted to pH 3.2 by ammonium acetate. The fusion protein in acetic acid was freeze dried and then dissolved in 20 mM Tris-HCl (pH 7.4). Antibodies against the fusion protein were produced in New Zealand White rabbits as described before (14) .
Preparation of cell extracts from B. subtilis. LB medium supplemented with hemin was inoculated to an OD600 of 0.1 with B. subtilis strains from TBAB plates. After growth at 370C, the cultures were harvested in late exponential growth phase by centrifugation at 7,000 X g for 10 min at 15'C. Cell pellets were washed once with 20 mM sodium maleate buffer, pH 6.5, containing 0.5 M sucrose and 20 mM MgCl2 and suspended in the same buffer (1/50 of the culture volume). Lysozyme was added to a final concentration of 0.3 mg/ml, and after incubation at 42°C for 45 min, the resulting protoplasts were harvested by centrifugation at 7,000 X g for 15 min at 20°C. The pellet was suspended in 20 mM Tris-HCl (pH 7.4; 1/400 of the culture volume)-20 mM MgCl2, and a few crystals of DNase were added. The protoplasts were lysed by sonication while chilled on ice. Unlysed cells were removed from the lysate by centrifugation at 6,000 X g for 5 min at 4°C. The supernatant was centrifuged at 200,000 X g for 1 h at 4°C. The resulting high-speed supernatant and pellet were regarded as the soluble and particulate cell fractions, respectively. Enzyme activity measurements. The oxidation of different porphyrinogens was monitored at 30°C as the increase in fluorescence, using a Perkin Elmer luminescence spectrometer (LS 50) with a 1-ml cuvette. The excitation and emission wavelengths used for coproporphyrin were 400 and 610 nm, respectively; those used for protoporphyrin were 410 and 632 nm, respectively; and those used for uroporphyrin were 405 and 615 nm, respectively. The excitation slit was 10 nm, and the emission slit was 5 nm. The reaction mixture contained 0.1 M potassium phosphate buffer (pH 7.2), 1 mM Na-EDTA, 0.3 mg of Tween 80 per ml, 0.4 to 2 ,uM porphyrinogen, and 10 to 200 ,ug of protein per ml. Porphyrins were reduced to the corresponding porphyrinogens by 3% (wt/vol) Na-amalgam under a nitrogen atmosphere as described by Fuhrhop and Smith (12) , except that the porphyrins, approximately 400 nmol in a light-protected 100-ml E flask, were dissolved in 3 ml of 0.06 M NH40H before the addition of 2 ml of 0.5 M potassium phosphate buffer (pH 7.9). The mixture was shaken at 80°C until the solution became colorless (approximately 10 min), i.e., more than 95% of the porphyrin was reduced to porphyrinogen. The pH of the porphyrinogen solution was not adjusted, and the remaining Na-amalgam was not removed. The amount of alkaline porphyrinogen solution added to the cuvette increased the pH value by less than 0.05 U. Calibration curves for relative fluorescence were done with 16 to 500 nM porphyrin in 0.3 mg of Tween 80 per ml in the presence of 0.2 mg of protein per ml of E. coli BL21(DE3)/pLUGT7-Y particulate fraction. The concentration of coproporphyrin III was determined spectrophotometrically at 399.5 nm in 0.1 M HCl, using an absorption coefficient of 489 mM-1 cm-'; that of protoporphyrin IX was determined from the A408 in 2.7 M HCl, using an absorption coefficient of 262 mM-1 cm-'; and uroporphyrin concentrations were determined from theA406 in 0.5 M HCl, using an absorption coefficient of 541 mM-t cm- (12) .
Ferrochelatase activity was monitored fluorometrically by using protoporphyrin IX and Zn2+ as substrates as described before (14) .
Other (2) have previously concluded that the B. subtilis hemF180 and hemG321 mutations are located in different genes since strains with these mutations were found to accumulate coproporphyrin and protoporphyrin, respectively. Both mutations, however, map in the hemY region (13) . From these seemingly contradictory data, we suggested that the B. subtilis hemY gene may encode a bifunctional protein with both coproporphyrinogen III oxidase and protoporphyrinogen IX oxidase activity (13) .
To reveal the nature of the B. subtilis hemF180 and hemG321 mutations, they were cloned and sequenced as described in Materials and Methods. Mutation hemF180 is an 81-bp deletion spanning the terminal part of hemH and the proximal part of hemY. As a result of this mutation, the terminal 8 residues of the ferrochelatase (HemH) polypeptide are replaced by an unrelated tetrapeptide (Fig. 2) . HemY is probably not synthesized in B. subtilis carrying the hemF180 mutation because the ribosome binding site as well as the ATG start codon of hemY is deleted. The hemG321 mutation is a 9-bp deletion within hemY resulting in the deletion of residues 95 to 97 from the HemY polypeptide (Fig. 2) (Table 2) .
Those strains mutated in the hemEH-Y promoter (strain 1A592) (15) or having a deletion of the hemEHY operon (strain 3G18A7) accumulated uroporphyrin or uroporphyrinogen in the medium and 5-, 6-, and 7-carboxylic acid porphyrins (Fig. 3) . This mass is consistent with that calculated from the hemY sequence: 51,203 Da. The cellular concentration of HemY protein was significantly increased if rifampin was present during induction (not shown). E. coli BL21(DE3)/pLUGT7-Y induced by IPTG accumulated coproporphyrin III in the growth medium. Coproporphyrin III (5 ,uM) was found in the medium when induced cells were grown overnight in LB at 37°C.
A HemY-ZZ fusion protein containing the 220 N-terminal amino acid residues of HemY was produced in strain E. coli BL21(DE3)/pLUGT7-YZZ with the 17 RNA polymerase expression system. The fusion protein was purified as described in Materials and Methods and used as an immunogen for the production of HemY antisera (Fig. 3) sequence SDGKKHV. This confirmed that the N terminus of the purified fusion protein is encoded by B. subtilis hemY and showed that the ATG codon at bp 3985 is the start codon for hemY, at least in E. coli (Fig. 2) .
To analyze the localization of HemY in the cell, crude cell extracts of E. coli BL21(DE3)/pLUGT7-Y were fractionated by ultracentrifugation into soluble and particulate fractions as described in Materials and Methods. HemY antigen was found only in the particulate fraction as determined by Western blot analysis (Fig. 4) (Table 3) . However, if rifampin was present during IPTG induction of hemY expression, the resulting extract of E. coli BL21(DE3)/pLUGT7-Y showed about threefold-higher protoporphyrinogen IX oxidase activity compared with that of E. coli BL21(DE3)/pBluescript II KS(-) (Fig. 5) . Addition of HemY antiserum (produced against the HemY-ZZ protein) to the reaction mixtures containing HemY did not affect the porphyrinogen oxidase activities. As expected for a proteincatalyzed reaction the rates of porphyrinogen oxidation were proportional to the amount of added extract, and the activity was destroyed by boiling the extracts. The protoporphyrinogen IX oxidase activity in 0.2 mg of crude cell extract of E. coli BL21(DE3)/pBluescript II KS(-) was 30-fold higher than the rate of spontaneous autoxidation of protoporphyrinogen IX (with 0.2 mg of boiled cell extract). Extracts containing HemY did not oxidize uroporphyrinogen III to uroporphyrin (less than 5 pmol of uroporphyrin formed min-' mg of protein-1). In agreement with the data of Dailey et al. (8), we could not detect any conversion of coproporphyrinogen III to protoporphyrin IX. The ability of cell extracts containing HemY to oxidize coproporphyrinogen III is consistent with the observation that coproporphyrin III is accumulated when B. subtilis hemY is expressed in E. coli BL21(DE3)/pLUGT7-Y.
HemY is a peripheral membrane protein. Increasing NaCl concentrations gradually removed the porphyrinogen oxidase activity and HemY protein (antigen) from the particulate fraction of E. coli BL21(DE3)/pLUQT7-Y until only the E. coli background activity remained (Fig. 6 , and immunoblots not shown). The enzyme activity and the HemY protein released from the particulate fraction by the salt treatment were recovered in the soluble fraction. These results show that B. subtilis HemY is a peripheral membrane protein and confirm its ability to oxidize coproporphyrinogen III and protoporphyrinogen IX. Furthermore, they show that the membrane fraction is not essential for the porphyrinogen oxidase activity of the protein, as also concluded by Dailey et al. (8) .
Kinetic properties of HemY. To compare the coproporphyrinogen III to coproporphyrin and protoporphyrinogen IX to protoporphyrin catalytic activities of HemY, basic enzyme kinetic experiments were done. The apparent Kms for coproporphyrinogen III and protoporphyrinogen IX were found to be 0.56 ,uM ( Fig. 7) and 0.95 jM (Fig. 5) (40) or flavin mononucleotide (32) , whereas iron is the only prosthetic group reported for yeast coproporphyrinogen III oxidase (5, 20, 49, 50) . Two sequences in the database that also show a high degree of similarity to B. subtilis HemY outside the dinucleotide binding motif were found. These are from the bacteria Mycobacterium leprae (GenBank accession number L01536) and Myxococcus xanthus (22) (8) and here by us. This establishes that hemY encodes protoporphyrinogen IX oxidase, but from the available data it cannot be excluded that this gene also is important for coproporphyrinogen oxidase activity in B. subtilis. HemY protein also efficiently oxidizes coproporphyrinogen III to coproporphyrin. The apparent kcatlKm with coproporphyrinogen III as a substrate was found to be 12-fold higher compared with protoporphyrinogen IX as a substrate. The protein is, however, not a general porphyrinogen oxidase, since uroporphyrinogen III was not oxidized. The ability of HemY to oxidize coproporphyrinogen III to coproporphyrin is intriguing. It raises the question of how the oxidation of coproporphyrinogen III to coproporphyrin by HemY is avoided in B. subtilis wild-type cells. Coproporphyrin III is considered to be a dead-end product with respect to protoheme IX synthesis. B. subtilis HemY in E. coli was found to be toxic and resulted in the accumulation of large amounts of coproporphyrin III in the medium. These effects can be explained by the enzyme activities of HemY, i.e., E. coli containing B. subtilis HemY possibly becomes starved for protoheme IX because most or all of the coproporphyrinogen III is converted to coproporphyrin instead of protoporphyrin IX.
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